Patients with terminal deletions of chromosome 6q present with structural brain abnormalities including agenesis of corpus callosum, hydrocephalus, periventricular nodular heterotopia, and cerebellar malformations. The 6q27 region harbors genes that are important for the normal development of brain and delineation of a critical deletion region for structural brain abnormalities may lead to a better genotype-phenotype correlation. We conducted a detailed clinical and molecular characterization of seven unrelated patients with deletions involving chromosome 6q27. All patients had structural brain abnormalities. Using array comparative genomic hybridization, we mapped the size, extent, and genomic content of these deletions. The smallest region of overlap spans 1.7 Mb and contains DLL1, THBS2, PHF10, and C6orf70 (ERMARD) that are plausible candidates for the causation of structural brain abnormalities. Our study reiterates the importance of 6q27 region in normal development of brain and helps identify putative genes in causation of structural brain anomalies.
INTRODUCTION
Patients with terminal deletions involving chromosome 6q present with a variable phenotype that includes intellectual disability, hypotonia, epilepsy, cardiac defects, retinal abnormalities, ear anomalies, facial dysmorphisms, and malformations of the brain, spinal cord, and vertebrae. Structural brain malformations are consistently observed in these patients and include agenesis of the corpus callosum (ACC), periventricular nodular heterotopia (PNH), polymicrogyria, hydrocephalus, and cerebellar malformations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Whereas previous studies have attempted to delineate the critical region responsible for brain malformations in patients with terminal 6q27 deletions, the sensitivity of the methodologies used has prevented the fine-mapping of the critical region. 1, 6 A detailed genomic analysis of the subtelomeric chromosome 6q region would help identify the putative genes involved in the causation of brain malformations.
Here, we report the clinical and genomic characterization of seven unrelated patients with nonrecurrent 6q25.3-q27 deletions. These patients presented with various structural abnormalities of the brain including ACC, PNH, cortical atrophy, and hydrocephalus. We determined the size, extent, and genomic content of these deletions using high-resolution array comparative genome hybridization (aCGH), and deciphered a common region of overlap spanning 1.7 Mb. We hypothesize that a subset of genes in the commonly deleted region are dosage-sensitive and that the haploinsufficiency of one or more of these genes interferes with the normal development of nervous system during embryogenesis.
MATERIALS AND METHODS

Human subjects
The research protocol was approved by the Institutional Review Board of Baylor College of Medicine (BCM). Seven subjects with terminal 6q deletions were identified at the Medical Genetics Laboratories (MGL) of BCM by aCGH, fluorescent in situ hybridization (FISH), or high-resolution G-banded chromosome analysis. Clinical information was obtained from their health care provider. Informed consent was obtained from the families of five patients to publish photographs.
Patient 1
A 5-year-old female presented with a history of a repaired thoraco-lumbar meningomyelocele, Arnold Chiari II malformation, obstructive hydrocephalus treated with a ventriculo-peritoneal shunt, neurogenic bladder, vesicoureteral reflux, and epilepsy. Delivery at full term gestation via Cesarean section followed a reportedly uncomplicated pregnancy in a 33-year-old multigravida. Prenatal chromosome analysis had detected a 6q25-q27 deletion. In addition to confirming the hydrocephalus and Arnold Chiari II malformation, MRI of the brain revealed occipital polymicrogyria, dysplastic corpus callosum, malformed tectum, enlarged foramen magnum with herniation of the cerebellum, stenogyria of the occipital lobes, and paucity of supratentorial white matter. She had dysarthria, impaired memory, and learning problems and was enrolled in a preschool special education program. aCGH identified a 10.3 Mb heterozygous deletion at 6q25.3-q27 (Figure 1a) . Parental testing could not be performed; however, the deletion is likely to be a de novo event as both parents and six of her siblings are all phenotypically normal. On follow up at the age of 7.5 years, she is entering 2nd grade in regular classes with some individualized instruction.
Patient 2
A 42-year-old primigravida woman had an ultrasound at 21 weeks of gestation that showed a small cerebellum. Fetal MRI revealed mild asymmetry between the sizes of lateral ventricles along with a diffusely small cerebellum and cerebellar vermis (Figure 2a and b) . G-banded chromosome analysis showed a large 6q25.3-qter deletion. Prenatal aCGH revealed a heterozygous deletion ofB9.3 Mb in 6q26-q27 (Figure 1a) . Parental chromosome analysis was normal. The couple opted to terminate the pregnancy.
Patient 3
A newborn female presented with low birth weight and multiple anomalies including: bicuspid aortic valve, imperforate anus with perineal fistula, and partial uterine septum. Additionally, there were segmentation anomalies of the sacrum, dextroconvex scoliosis of the lumbosacral spine, and tethered spinal cord. Craniofacial abnormalities included: macrocephaly, lacrimal duct stenosis, hypertelorism, broad nasal bridge, and thin upper lip. Following repair of the tethered cord at 4 months, she was followed for global developmental delay, hypotonia, and epilepsy. MRI of brain revealed right-sided subependymal nodular gray matter heterotopia and ACC. aCGH showed a 7.6 Mb heterozygous deletion at 6q26-q27 ( Figure 1a) . Her phenotypically normal parents did not harbor the deletion.
Patient 4
This female child born to a 39-year-old woman with hypertension and history of tobacco and alcohol use during pregnancy was noted to have intra-uterine growth restriction, microcephaly, and dysmorphic features including: prominent forehead, hypertelorism, epicanthal folds, low-set ears, smooth philtrum, micrognathia, and high-arched palate. She also had an atrial septal defect and partial anomalous pulmonary venous return. MRI of the brain detected prominent ventricles and sulci consistent with mild cerebral atrophy and cystic periventricular leukomalacia. When evaluated at the age of 6 years, she had seizures, significant developmental delay, hypotonia, learning difficulties, and behaviors consistent with autism spectrum disorder including flapping of arms, inability to make eye contact, and repetitive movements. The karyotype showed a heterozygous deletion at 6q27. aCGH revealed a 5.99 Mb heterozygous deletion in chromosome 6q27 (Figure 1a) . The rearrangement was not detected in the mother whereas the father was unavailable for testing.
Patient 5
An 8-month-old female presented with congenital hydrocephalus and seizures. She was delivered at 36 weeks of gestation by Cesarean section in a 27-year-old female with gestational diabetes mellitus. Her physical examination showed macrocephaly, frontal bossing, and a broad nasal bridge (Figure 2c ). The MRI of brain revealed hydrocephalus, dysmorphic ventricles, atrophy of the posterior part of corpus callosum, absent septum pellucidum, bilateral 
Patient 6
A female infant born at 33 weeks of gestation presented with obstructive hydrocephalus and underwent placement of a ventriculo-peritoneal shunt. A computed tomography of brain revealed residual gross obstructive hydrocephalus, absence of septum pellucidum, and ACC. aCGH revealed a heterozygous deletion of 1.92 Mb within the 6q27 region ( Figure 1a ). Parental FISH analysis confirmed the deletion to be a de novo event.
Patient 7
A 30-month-old female presented with developmental delays and dysmorphic craniofacial features including: microcephaly, dolichocephaly, hypertelorism, prominent nasal bridge, and low-set posteriorly rotated ears ( Figure 2g ). The pregnancy had been complicated by maternal diabetes and HELLP syndrome. MRI of brain performed at 32 months of age showed a foreshortened and dysplastic corpus callosum. (Figure 2f ). She had poor weight gain, behavioral issues, and had significant speech delay with a vocabulary of one word at 30 months of age. aCGH revealed a submicroscopic heterozygous deletion of 1.5 Mb within 6q27 region ( Figure 1a ). The rearrangement was not detected in the mother whereas the father was unavailable for testing.
A detailed comparison of clinical features for all the seven patients and the recently published reports of isolated 6q27 deletions are summarized in Table 1 . In addition, a comparison of brain MRI findings in our cohort of patients is summarized in Supplementary Table 1. aCGH analysis DNA was extracted from whole blood using the Puregene DNA blood kit (Gentra, Minneapolis, MN, USA) according to the manufacturer's instructions. aCGH was performed on all seven subjects using the clinical microarray platform routinely used at our institution. The microarrays were designed in the MGL, Houston, TX. The patient samples were interrogated using a custom-designed array with B180 000 interrogating oligonucleotides (60mer), manufactured by Agilent Technologies, Inc (Santa Clara, CA, USA). This array contains the 'best-performing' oligos selected from Agilent's online library (eArray;https://earray.chem.agilent. com/earray/) and has been further optimized using empiric data. This array is designed to provide interrogation of all known microdeletion and microduplication syndrome regions, pericentromeric and subtelomeric regions, and computationally predicted NAHR-mediated genomic instability regions flanked by low-copy repeats (LCR) as previously described. 11 In addition, B1800 known or candidate disease genes have exonic coverage (101 644 probes in 24 319 exons; average of 4.2 probes per exon). The entire genome is covered with an average resolution of 30 kb, excluding LCRs and other repetitive sequences. Further details regarding the design and coverage of the array are available at https://www.bcm.edu/geneticlabs/. 12 The procedures for DNA digestion, labeling and hybridization, and data analysis, were performed as previously described. 13 Characterization
FISH analysis
Copy-number changes detected by microarray analysis were verified by FISH using BAC clone RP11-755M8 in patients 3-7 whereas partial karyotype was used to confirm the deletion in patients 1 and 2. The FISH analysis followed a standard clinical cytogenetics laboratory protocol. In addition, to confirm the mode of inheritance, parental samples from these patients were analyzed for 6q rearrangements using the same BAC clones.
RESULTS
Clinical features
The summary of clinical features of 21 patients with variable size deletions between 6q25.3-q27 (seven patients from our cohort and 14 patients previously reported in the literature) are listed in Table 1 . Among these patients, 14 were female, 7 were male. In the 12 families with known inheritance patterns, all the 6q deletions arose owing to de novo rearrangements. The clinical features observed in a majority of patients included structural brain abnormalities, learning difficulties, developmental delay, and hypotonia. Excepting a single patient reported by Mosca et al 7 , all had some form of structural brain abnormalities. Abnormal corpus callosum (62%) was the most common malformation followed by hydrocephalus (27%) and vertebral or spinal cord malformations (22%). There was no characteristic facial gestalt with thin upper lip and ears anomalies being the most common craniofacial dysmorphism.
Molecular cytogenetic analysis
Here, we report our cohort of seven patients with nonrecurrent 6q25.3-q27 deletions of variable sizes. The 6q genomic rearrangements in all the patients were identified by aCGH, chromosome analysis, or FISH (Figure 1a-c) . The genomic characterization of the deletions revealed nonrecurrent rearrangements ranging in size from 1.7-10.8 Mb. The smallest region of overlap (SRO) in our cohort of patients spanned 1.7 Mb between the g.169,148,957_170,899,992 (GRCh37/Hg19 build). The SRO encompasses a number of protein-coding genes (THBS2, DLL1, WDR27, PHF10, TCTE3, C6orf70(ERMARD), C6orf120, FAM120B, PSMB1, TBP, and PDCD2), two long nonprotein coding RNA genes (LINC00242 and LINC00574), one miscellaneous RNA (LOC154449), and one micro-RNA (MIR45441). Amongst these genes THBS2, PHF10, and DLL1 are putative candidates for causation of structural brain malformations. A recent study also suggested a potential role for C6orf70 present within this SRO contributing to PNH, thus making this another candidate gene for brain malformations (Figure 3) . Since LCRs or segmental duplications can stimulate nonrecurrent events, 14 we performed in silico analysis of the deletion breakpoints in all our patients. Our analysis did not reveal segmental duplications near the deletion breakpoints in any of our patients.
DISCUSSION
Several reports of monosomy for the terminal portion of the chromosome 6q either owing to unbalanced translocations or isolated deletions have been previously described. [1] [2] [3] [4] [5] [6] [7] [8] [9] 15, 16 Though the clinical phenotypes associated with this deletion are quite variable, reports in unrelated subjects from independent investigators have shown that ACC, PNH, polymicrogyria, hydrocephalus, and cerebellar malformations are the consistently observed features. A recent analysis of a comprehensive map of loci for ACC from 374 patients revealed that chromosome 6q27 was one of the few loci wherein six or more subjects with ACC have been reported. 10 Additionally, polymicrogyria, cerebellar, and other unspecified structural brain abnormalities were also mapped to this genomic region. These data suggest that the subtelomeric region of chromosome 6q harbors genes that have a critical role in the normal development of the brain. Delineation of a deletion region that is critical for the brain abnormalities may help in the counseling of patients. Using a reverse genomic approach, in the cohort of seven patients we identified a SRO of 1.7 Mb that contains plausible candidate genes, THBS2, PHF10, DLL1, and C6orf70 (Figure 3 ). These genes have important functions in morphogenesis of the nervous system during embryogenesis. Two amongst these candidate genes, DLL1 and THBS2 are important ligands for the activation of Notch-3 signaling cascade. The Notch signaling pathway is an evolutionarily conserved, intercellular signaling cascade that has an essential role in homeostatic function and development of multiple organ systems. 17 The Notch signaling pathway is critical for neural proliferation, migration, and differentiation during embryonic development of the nervous system. 18 DLL1 is a human homolog of the Notch Delta ligand and a member of the delta/serrate/jagged family. It is involved in various biological processes regulating cell adhesion, cell-cell communication and cell-fate determination. DLL1 is expressed in the paraxial mesoderm, which correlates with somitogenesis in the nervous system. 19 The Notch ligand DLL1 is important for Notch receptor processing, regulation of neural stem cell proliferation, survival, selfrenewal, and differentiation during embryogenesis. 20 Homozygous deletion of Dll1 in murine embryos results in severe patterning defects in the para-axial mesoderm and the nervous system. 21 Haploinsufficiency of DLL1 in mice results in a complex metabolic phenotype with reduced body weight, altered fat to lean ratio, and hypertension but not developmental anomalies of the brain. 22 However, recently a 2.2 MB region on 6q27 between the g.168,690,655_170,899,992 was mapped to be a critical region for the causation of holoprosencephaly in humans. 23 A three base-pair deletion in exon 9 of DLL1 was also observed in a subject with semilobar holoprosencephaly. 23 In addition, a de novo insertion of a single base-pair altering the reading frame has been noted in a single patient with autism spectrum disorder. These data show that haploinsufficiency of DLL1 may lead to both structural and functional abnormalities of the brain.
THBS2 is a member of the thrombospondin family. It is a matricellular glycoprotein that has a role in bone growth, cell adhesion, extracellular matrix modeling, inflammatory responses, developmental, and pathological angiogenesis. 24, 25 It is highly expressed in the cerebral cortex and cerebellum. Disruption of THBS2 in mice results in a complex phenotype characterized mainly by abnormalities in fibroblasts, connective tissues, blood vessels, 26 extracellular matrix deposition, and leakage of the bloodbrain-barrier. 27 Interestingly, a recent study revealed that matrix protein THBS2, is expressed in vascular smooth muscle cells and capable of altering Notch-3 signaling pathway independent of its canonical ligands. 28 In addition to DLL1 and THBS2, a third candidate gene PHF10/ (BAF45a), encoding a zing finger domain protein present in the SRO is essential for self-renewal of the multipotent neural stem cells and neuronal differentiation. The development of the vertebrate nervous system occurs at mitotic exit, when cells lose multipotency and begin to develop stable connections. This transition involves a switch in ATP-dependent chromatin-remodeling mechanisms that coincides with terminal differentiation of post-mitotic neurons. The switch involves exchange of subunits consisting of PHF10 within Swi/ Snf-like neural-progenitor-specific BAF (npBAF) complexes for the homologous subunits within neuron-specific BAF complexes in Table 1 Clinical features of patients with 6q25.3-q27 deletions on our cohort as compared with those previously reported in the literature 
Facial dysmorphism
Hypertelorism 
post-mitotic neurons. The subunits of the npBAF complex are essential for neural-progenitor proliferation, and mice with reduced dosage for the genes encoding these subunits have defects in neuraltube closure similar to those in human spina bifida. 29 A more recent study by Conti et al 30 showed that a 1.2 Mb SRO common to 12 patients in the 6q27 region contains plausible genes THBS2, PHF10, TCTE3, DLL1, WDR27, and C6orf70. Of the 12 patients reported in the study, 9 patients had PNH, in addition to other brain malformations. PNH is caused owing to defective neuronal migration that results in nodules around the ventricles. Using whole exome sequencing, one patient with isolated bilateral PNH and epilepsy was found to harbor a de novo missense mutation that affects both the isoforms of C6orf70 corresponding to p.lle250Asn (c.752T4A) in the long isoform and p.lle207Asn (c.622T4A) in the short isoform. Moreover, in utero silencing of C6orf70 altered neuronal migration. These data suggest a potential role for C6orf70 in the development of PNH. As C6orf70 is also present within the 1.7 Mb SRO common to patients 1-7 ( Supplementary Figure 1) , it is possible that haploinsufficiency of C6orf70 could be contributing to structural brain malformations including PNH as observed in patients 3 and 5 reported here.
The smallest reported deletion in this region is a terminal deletion of 400 kb in a subject (P18 in Figure 3 ) with intellectual disability, hydrocephalus, and ACC. 1 This region contains only three protein-coding genes, PSMB1, TBP, and PDCD2, encoding a proteasome subunit, a TATA box binding protein, and a nuclear protein involved in programmed cell death, respectively, and exhibit significant conserved synteny. 31, 32 TBP encodes for TATA-binding protein that associates with TBP-associated factors to form transcription factor IID that is critical for initiation of transcription. Many transcriptional regulators are involved in neurodevelopmental disorders 33 and it is possible that the haploinsufficiency of TBP interferes with the normal development of the brain. It is to be noted that the characterization of this small deletion was performed by the use of FISH and the exact location of the centromeric breakpoint could not be delineated. The centromeric breakpoint of the deletion was within 100 kb of DLL1. Genomic deletions can contribute to phenotypes not only by modifying the expression levels of genes within the aneuploid segments but also that of neighboring genes. 34 It is hence possible that DLL1 expression may have been altered in this subject with the smallest reported deletion on 6q27. Note that the scale has been expanded to depict the three smallest deletions (P7, P21, and P18). All patients except P11 had structural brain abnormalities. The SRO for brain anomalies in our cohort maps from THBS2 to PDCD2 (orange shade). THBS2, PHF10, DLL1, and C6orf70 are putative candidate genes for causation of structural brain malformations as underlined.
Characterization of patients with 6q27 deletions S Peddibhotla et al
Although, there is significant phenotypic overlap of common clinical features such as structural brain abnormalities, ear anomalies, developmental delay, mild dysmorphic features, learning difficulties, and hypotonia in all the patients, there is also some degree of phenotypic variability. Various corpus callosum abnormalities including ACC were noted in patients 1, 3, 5, 6, and 7. Patient 7 with the smallest deletion of 1.7 Mb in the 6q27 region has a dysplastic corpus callosum. This suggests that the SRO for structural brain abnormalities observed in all the patients described here, may also include the minimal critical interval mediating corpus callosum abnormalities, as elaborated in the report by O'Driscoll. 10 In summary, chromosome 6q27 harbors genes that are critical for the normal development of the brain and it is likely that more than one gene is responsible for causation of the structural brain abnormalities.
